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FOREWORD 

The  work  reported  herein,  covering  the  period  10  April  1972  to 
31  May  1973,  was  carried  out  by  the  Infrared  and  Optica  Division  of 
the  Environmental  Research  Institute  of  Michigan  (formerly  the  Willow 
Run  Laboratories  of  The  University  of  Michigan)  ,  Ann  Arbor,  Michigan. 

The  work  was  performed  under  Contract  DAAD05-72-C-0216  for  the  Army 
Ballistic  Research  Laboratories,  and  was  done  in  three  parts,  each  of 
vftiich  represent  one  volume. 

The  three  volumes  are: 

I  -  Polarized  Bidirectional  Reflectance  With 

Lambertian  or  Non-Lambertian  Diffuse  Component. 

II  -  Polarized  Spectral  Emittance  From  4  to  14  pm. 

III  -  Wavelength  Dependence  of  Polarized  Bidirectional 

Reflectance . 

The  internal  number  of  volume  III  of  this  report  is  192500-1-T(III) . 
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1.0  INTRODUCTION 


The  comprehensive  bidirectional  reflectance  modeling  which  has  been 
described  in  Vo  urne  I  of  this  report  [1]  was  performed  without  regard  to 
wavelength  dependence.  Measurements  were  made  at  1.06  ym,  and  model  cal¬ 
culations  were  made  on  the  basis  of  the  fixed  bistatic  data  of  those  measure¬ 
ments  plus  the  assumption  of  a  purely  real  index  of  refraction,  n  »  1.65. 

Based  on  measurements  made  under  other  contracts  [2]  there  was,  at 
the  outset  of  this  effort,  reason  to  believe  that  the  surface  reflectance 
has  no  discernible  wavelength  dependence  between  .63  ym  and  1.06  ym. 

The  volume  component,  however,  does. 

The  foregoing  statements  are  supported  by  Figures  1  -  A  where  the 
spectral  bidirectional  reflectance  for  a  green  paint  is  given  in  two  different 
source-raceiver  geometries  and  with  two  different  source  polarizations  in 
each  case. 

Figures  1  and  2  illustrate  the  situation  for  a  specular  geometry  with 
0i  "  ®r  *  ^°*  For  t*ie  perpendicular  source  polarization  (Figure  1)  the 
parallel-polarized  receiver  return  is  about  two  orders  of  magnitude  below 
that  of  the  perpendicular-polarized  receiver.  In  this  case,  the  surface 
reflectance  (p “  P |  j  )  ^8ae  Volume  I,  [1])  is  approximately  the  same 
as  the  like-polarized  component  (pj^  j)  which  is  seen  to  be  essentially 
flat  between  0.63  and  1.06  ym.  (If  the  cross-polarized  component  is 
subtracted  out,  it  becomes  even  flatter.)  Therefore,  with  a  perpendicular- 
polarized  source,  the  bidirectional  surface  reflectance  in  a  specular 
geometry  for  this  sample  appears  wavelength  independent  from  .63  to  beyond 
1.06  ym. 

The  spectral  return  with  a  parallel-polarized  source  (Figure  2)  looks 
different.  This  Is  so  becat  se  at  0^  *»  55°  we  are  very  close  to  the  Brewster 
angle  and  the  reflectance  from  a  parallel-polarized  source  nears  its 
Tiinimum.  However,  in  this  case  too,  when  the  surface  component  is  calculated 
by  subtracting  che  cross-polarized  component  from  the  like-polarized  com¬ 
ponent  (p | |  ||  -  p]i  | )  it  is  seen  to  be  essentially  wavelength  independent 
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FIGURE  1  SPECTRAL  BIDIRECTIONAL  REFLECTANCE  FOR  GREEN  PAINT 
(SAMPLE  NO.  1027)  FOR  A  SPECULAR  GEOMETRY  WHERE  0j  =  55° 
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between  .63  and  1.06  pm.  However,  It  Is  obvious  In  both  Figure  1  and 
Figure  2  that  there  is  a  spectral  dependence  In  the  voluae,  or  cross- 
polarized,  component  itself. 

The  sane  sample  is  described  in  Figure  3  and  4  with  a  different 
source-receiver  geometry,  this  time  6^  ■  0  and  6^  -  50°.  Nov  the  case 
with  perpendicular  source  polarization  (Figure  3)  looks  almost  identical 
to  that  with  parallel  source  polarization.  In  both  cases,  the  surface 
component  (p'00  ~  P 'ag)  is  clearly  flat  throughout  the  graph,  while  the 
volume  (corss-polarlzed)  component  contains  the  spectral  dependence.  It 
will  be  seen  in  Section  2  that  a  similar  situation  exists  for  the  samples 
studied  in  this  work. 

The  program  for  this  modeling  effort  was  to  assuaw  that  the  wavelength 
variation  of  the  volume  component  of  the  bidirectional  reflectance  was 
the  same  as  that  for  the  directional  reflectance.  If  the  bidirectional 
volume  reflectance  for  a  given  surface  is  known  at  one  wavelength  and 
the  directional  reflectance  can  be  obtained  at  that  wavelength  and  a 
second  wavelength,  then  the  bidirectional  volume  reflectance  for  the 


second  wavelength  can  be  obtained  from: 


PD(*2) 


pVei’VW  V  "  p(x  y  p  vw  W  V 


Description  of  the  model  is  given  in  Section  3  and  of  the  validation  in 
Section  4.  Measurement  data  are  discussed  in  Section  2. 


2.0  MEASUREMENTS 

The  purpose  of  the  measurement  program  was  to  obtain  sufficient  data 
to  validate  the  model  and  to  extract  input  Information,  based  on  wave¬ 
length  dependence,  for  the  RHOPRIME  program  described  in  Volume  I.  In 
particular,  it  was  important  to  determine  a)  the  surface  reflectance 
depeudence  on  wavelength  in  the  wavelength  region  of  .63  pm  to  beyond 
3.39  pm  and,  b)  whether  the  assumption  that  the  bidirectional  reflectance 
varies  as  the  directional  reflectance  in  the  volume  component  is  valid. 
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To  accomplish  the  above  objectives  extensive  measurements  were 
performed  on  three  different  sample  surfaces  at  four  different  wave¬ 
lengths.  The  samples  are  code-numbered:  A01610,  A02022,  and  A02023. 

All  are  metallic  surfaces  coated  with  varying  shades  and  textures  of 
green  paint. 

The  measurements  carried  out  under  this  contract  were  bidirectional 
reflectance  measurements  performed  on  the  ERIM  gonioref lec tome ter  (3]. 
However,  in  order  to  determine  directional  reflectance  ratios,  it  was 
necessary  to  have  direct  directional  reflectance  measurement  data.  Such 
measurements  have  been  performed  by  ERIM  on  the  same  samples  with  a 
Beckman  DKII  spectrometer  under  other  contracts.  (Samples  A02022  and 
A02023  were  measured  under  Contract  DAAF03-72-C-0115  with  Rock  Island 
Arsenal  [4]  while  Sample  A0161Q  was  measured  under  Contract  F33615-68- 
C-1281  with  the  Air  Force  Avionics  Laboratory  [5].) 

2.1  Becit«*n  Spectrometer  Directional  Reflectance  Measurements 

The  purpose  of  these  measurements  was  t.i  obtain  data  for  PQ(X)  so 
that  the  ratio  of  the  directional  reflectances  at  two  different  wave¬ 
lengths  could  be  used  to  predict  the  bidirectional  reflectance  at  one 
of  the  wavelengths,  given  the  bidirectional  reflectance  at  the  other. 

(The  description  of  the  model  is  detailed  in  Section  3.) 

Figures  5,  6,  and  7  show  the  directional  reflectance  measurements 
from  .4  pm  to  2.6  pm  for  samples  A01610,  A02022  and  A02023,  respectively. 
All  three  semples  are  shades  of  green  in  color  and  should  be  expected  to 
Increase  reflectance  sharply  in  the  green  wavelength  range.  That  this 
happens  between  about  .49  and  .33  pm  is  shown  in  all  three  figures.  In 
the  infrared,  A01610  becomes  extremely  bright  at  about  .75  pm  and  remains 
highly  reflecting  to  the  2.6  pm  limit  of  the  Becksian  measurement.  Both 
A02022  and  A02023  show  no  further  rise  beyond  the  increase  at  .49  pm. 

In  all  three  cases,  reflectance  Includes  both  surface  and  volume 
contributions  and  further  reduction  had  to  be  performed  before  the  data 
could  be  used. 
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2.2  Goniore flee tome ter  Bidirectional  Reflectance  Measurements 

Data  from  the  bidirectional  reflectance  measurements  are  given  in 
Appendix  A.  When  using  the  bidirectional  reflectance  data,  the  following 
observations  should  be  noted: 

1.  There  is  no  significant  variation  of  the  surface  component  of  p' 
as  a  function  of  wavelength  between  0.63  pm  and  1.06  pm.  (There 
are,  however,  significant  variations  in  the  volume  components  in 
the  same  spectral  region.)  That  a  linear  relation  is  reasonable 
between  0.63  urn  and  10.6  urn  is  discussed  in  section  4  where  it 

is  shown  that  for  sample  AO  1610,  the  greatest  error  is  about  402 
and  for  the  other  two  samples,  the  greatest  error  is  about  17%. 
Therefore,  we  conclude  that  for  the  surface  component  there  is 
no  more  than  a  weak  wavelength  dependence  which  is  approximately 
linear  with  a  small  enough  slope  that  variations  are  not 
significant  between  0.63  pm  and  10.6  urn. 

2.  For  Samples  A01610  and  A02C22,  the  volume  component  varies  with 
wavelength  and  the  measurements  are  unambiguous  and  suitable  for 
parameter  extraction  at  0.63  pm  and  1.06  pm.  However,  at  3.39  pm 
and  10.6  pm,  the  volume  component  falls  to  below  the  noise  level 
of  the  system  and  hence  cannot  be.  u~ed  for  validation.  At  0.63  pm 
the  volume  component  for  Sample  A02023  is  also  below  the  system 
noise  and  therefore  this  sample  was  not  used  in  the  validation. 

The  result  is  that  two  samples  (A01610  and  A02022)  were 
used  for  model  validation  at  two  wavelengths  (0.63  pm  and  1.06  pm). 

3.  Difficulties  encountered  in  aligning  the  receiver  polarization 
analyzer  for  the  3.39  pm  measurements  make  necessary  the  following 
corrections  when  working  with  the  data: 

a)  All  145°  source  polarization  data  must  be  multiplied  by  a 
scale  factor  of  0.38. 

b)  Polarization  symbols  on  the  3.39  pm  data  are  incorrect  be¬ 
cause  of  the  alignment  problems.  Table  1  shows  what  the 
symbols,  as  they  are,  represent  and  what  the  correct  symbols 
(with  their  representative  polarizations)  should  be. 
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TABLE  1 .  POLARIZATION  CODE  CORRECT 1016  FOR  3 .39  y» 
BIDIRECTIONAL  REFLECTANCE  AND  DATA 


Pr— nt  Coda 

*  (1,  45) 
tf  <11.  45) 

X  <45,  J) 

B  <45,  45) 
o  <45,  ||) 

0  <_L  -45) 

K  <||,  -45) 

A  <-45,  1) 

M  <-45,  -45) 
S  <-45,  I!) 


Correct  Coda 

0<1»  -45) 

K  <||.  -45) 

A  <-45,  j) 

M  <-45,  -45) 
*<-45,  ||) 
*  <1,  45) 
X<ll.  45) 

X  <45.  J; 

B  <45,  45) 

0  <45,  ||) 


22 


c)  Nominal  receiver  polarization  angles  are  presented  with  the 
actual  polarization  angles  in  Table  2. 

Because  the  receiver  is  not  really  at  90°  (j|)  when  so  referred 
to,  there  is  no  pure  cross-polarized  measurement  with  the  source 
at  0°  (J_) .  Therefore,  there  appears  to  be  a  larger  cross-polarized 
component  than  there  should  be  in  these  cases.  The  increase,  how¬ 
ever,  really  represents  that  part  of  the  0°  polarized  return  which 
is  not  stopped  by  the  analyzer  and  should  be  disregarded. 

4.  In  the  fixed  bistatic  data  for  Sample  A02022  at  3.3?  urn 

it  shofcld  be  noted  that  the  J_, J_  component  truncates  at  about 
8  «  7°  because  of  instrumental  saturation. 

3.0  MODEL  DESCRIPTION 

The  wavelength  dependence  model  for  the  volume  component  of  the  bi¬ 
directional  reflectance  is  based  on  the  assumption  that  the  volume  bi¬ 
directional  reflectance  varies  with  wavelength  in  the  same  manner  as  the 
directional  reflectance.  (This  assumption  has  been  discussed  in  (2].) 

The  plausibility  of  this  assumption  is  borne  out  by  the  measurements  as 
described  in  Section  2.  Therefore,  if  we  are  able  to  obtain  the  directional 
reflectance,  pd(A),  two  wavelengths,  we  can  take  the  ratio  of  the  two 
and  say  that  the  volume  bidirectional  reflectance  varies  by  the  same  ratio. 
In  mathematical  terms: 


“WWW  -  OCT  "WWW 


where  p'y  is  the  volume  component  of  the  bidirectiona  reflectance.  ■»* 

As  shown  in  Volume  I,  the  volume  component  of  the  bidirectional 

reflectance  always  contains  a  multiplicative  factor,  py  in  the  non- 

Lambertian  case  and  p  in  the  Lambertian  case,  where  p  (or  p  ),  is  a 

X  * 

constant  model  parameter  which  is  extracted  from  a  fixed-bistatic 

bidirectional  reflectance  scan. 
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TAB LI  I. 

Actual  Receiver  Polarisation  Anglas  for  3.39  y» 
Bidirectional  Reflectance  Data 


Nonlnal  Polarisation 
_ Aok1« _ 

o  (]; 

-45 

-90  (|  |) 

o(j; 

+45 

+90  (||) 

o  <1; 

+45 

+90  (| |X 


FIXED  B13ZATZC 


IN-PUNE 


OUT-OF-PUNE 


Actual  Polarisation 
_ Antlo _ _ 

-7 

-58.5 

-90 

/ 

0 

+41.5 

+83 

0 

+41.5 

+83 
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Therefore,  the  wavelength  dependence  Is  Included  in  the  model  as  a 

wavelength  dependent  variation  of  the  parameter,  p  (or  p  ),  which  is 

*  X 

extracted  from  directional  reflectance  data.  No  modification  of  the 
model  as  described  in  Volume  I  is  necessary. 

Parameter  Extraction 

The  model  depends  upon  the  assumption  that  the  surface  bidirectional 
reflectance  (also  the  surface  directional  reflectance)  varies  linearly 
with  wavelength.  Under  this  assumption,  if  one  knows  the  surface 
reflectance  at  two  points,  it  is  possible  to  interpolate  at  apy  point 
in  between.  Therefore,  it  is  possible  to  eliminate  the  surface  component 
from  the  directional  reflectance  at  any  point.  The  volume  directional 
reflectance  is  then  used  to  construct  the  ratio  of  directional  reflectances 
at  two  wavelengths.  This  ratio  is  then  used  to  derive  the  bidirectional 
reflectance  at  one  of  the  wavelengths  if  it  is  known  at  the  other. 

The  parameter  to  be  extracted  consists  of  the  directional  reflectance 
(Pp)  at  two  different  wavelengths  for  a  material  of  interest.  It  is  clear 
that  measurements  on  a  spectrometer  such  as  the  Beckman  DKII  are  ideal  for 

this  purpose,  if  they  can  exclude  the  surface  component  or  if  it  can  be 

determined  Independently  and  eliminated. 

Alternatively,  the  same  information  car.  be  extracted  from  bidirectional 
reflectance  measurements,  preferably  from  a  bidirectional  scan  where  the 
source  is  normal  to  the  target  plane  (6^  ■  0) .  In  this  case  one  works 

only  with  the  cross-polarized  components  Cp f  j^*  |  |  and  p  ’  |  |  ,j^)  and  integrates 

(or  sums)  over  all  receiver  angles  to  get  return. 

As  will  be  shown  later  in  this  section,  the  two  methods  yield  the  same, 
results  to  within  about  10%.  The  agreement  is  important  because  it  tends 
to  verify  the  reliability  of  the  method,  which  means  that  one  has  a  way 
to  predict  bidirectional  reflectance  wavelength  dependence  as  long  as  a 
directional  reflectance  spectral  scan  and  a  bidirectional  scan  with  normal 
source  is  available.  Details  of  procedures  follow. 
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3.1  Extraction  grog  Directional  Reflectance 
It  ha*  boon  statad  earlier  that  th*  dir actional  reflactanca  measurement 
Includes  a  surface  reflection  component  which  must  be  eliminated.  This 
can  be  done  if  Independent  data  are  available  fro®  which  the  surface  com¬ 
ponent  can  be  taken.  In  the  case  of  this  work*  the  information  is  Included 
in  the  bidirectional  reflectance  measurement  of  the  surface  component,  i.e. 
the  like-polarized  component  (p'j^or  p'||  ||)*  However,  there  is  a  nan- 
surface  contribution  present  in  the  like-polarized  components  which  must 
first  be  subtracted  out  [1].  Also,  since  an  uppolarized  directional 
reflectance  can  be  regarded  as  a  sum  of  perpendicular  and  parallel  polarized 
reflectances,  we  average  over  both  of  these  cases  in  the  bidirectional 
reflectance  data  and  obtain: 

p'ii*p'ii  ii  _  p'iirp’ii i 

p  surface  2  2 

where  p'  ,  is  the  surface  contribution  of  the  bidirectional  reflectance, 
surface 

To  obtain  the  surface  contribution  to  the  directional  reflectance,  p ' aurface 
must  be  Integrated  or  sunmed  over  the  entire  hemisphere  so  that,  l 3 ] s 

p.ur£.c«  '  l  p'.urf.ce<9i’'*l-V*r>*Iner  c0*,r4*r"r 

If  we  now  make  the  reasonable  assumption  that  there  is  no  $  -  dependence 
in  pp,  then: 

p  -  2n  p'(e  ,$  ,e  ,$  )sin0  cose  de 

surface  J  iirr  r  rr 

Since  there  is  no  easily  expressible  analytical  form  for  p'  it  is  necessary 
to  resort  to  numerical  or  graphical  methods.  The  method  actually  used  was 
graphical  and  is  described  in  [3].  Using  a  bidirectional  reflectance  scan 
with  0^  *•  0,  the  function* 
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{  ) 


p’iL  (er)  +  p*  }  j  <©r)  -  p*  j  j  j_(er)  -  p'^||(0J 


sin6  cos6 
r  r 


was  plotted  on  linear  graph  paper  every  5°  for  each  wavelength  of  Interest. 
A  planimeter  was  then  used  to  obtain  a  relative  area  (or  integration)  for 
each  plot. 

Let  P<j(A^)  "  area  of  volume  component  (cross-polarized)  plot 
for  wavelength 

Pfl(A^)  ■  area  of  surface  component  (like-polarized  minus 
cross-polarized)  plot  for  wavelength  A^. 


Then: 


[Pd(A.)  *1 

Ps(Ai)  +  PjCAj^)  J  PDB(V 


where 


PD^1^  is  the  true  directional  reflectance  for  A.,  and 


Pdb^i)  is  the  directional  reflectance  including  the  surface 
component  as  measured  in  the  spectrometer. 

Therefore: 

•'('M’VV  "V'VWW 


pd(V 

WV 

„pd(V  +  ps(V 

■  pd<V 

j  PDB<X2) 

Pd^X2^  Ps^2^ 

I 


Note  that  to  find  p'v  at  sonae  A^  between  A^  and  Aj*  we  would  first  find 
P«(Aj)  ky  linear  interpolation  between  pg(A^)  and  p^A^).  Then  assuming 
that  Pq(A^),  pd(Aj)  and  p'y(A^)  are  known,  we  can  find  pQ(A^)  and  can 
calculate: 


(A.) 


V'-'j 


Pn<V 

pd(a^)  pW’ 
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3.2  Extraction  From  Bidirectional  Reflectance  Pete 

In  this  caaa  va  uaa  only  tka  b id ir actional  reflectance  scan  whara  tha 
aourca  la  normal  to  tha  targat  plana  <8^  ••  0)  . 

Tha  function  to  ba  intagratad  la: 

PD  "  (pJ.  j  |  +  p  |  Ip  *lB®r  c*"®r 

Once  again  tha  intagratlon  la  parforaad  graphically  aftar  plotting  valuaa  for 
the  abova  axpraxalon  ovary  5*  uaiag  tha  6^  ■  0  b Id lr actional  data.  Aftar 
repeating  the  procedure  for  a  aecond  wevolength,  the  expression  can  ba 
written:  f 

PD^X1^ 

p  W^i’VW  “  ^(~x~)  p  Vei**i’ VW 

In  both  thia  procadura  and  tha  previous  one  in  which  directional  data  ware 
uaad  tha  wivalangth  factor  la  actually  applied  to  tha  RHOPRIMK  program  input, 
Pv  or  pulses  Volume  I],  so  that 

PD^XP 

PV(X1)  “  Pd<Aj)  Py(X2) 
and  similarly  for  p  . 


4.0  MODEL  VALIDATION 

In  Figures  8,  9,  and  10,  tha  justification  for  assuming  s  linear  relation 
between  wavelength  and  surface  directional  reflectance  is  shown.  Figure  8  shows 
directional  surface  reflectance  as  a  function  of  wavalsngth  for  sample  AO  1610. 
(By  directional  surface  reflectance  we  mean  the  surface  component  of  the  bidirec¬ 
tional  reflectance  Integrated  over  the  hemisphere.)  Figures  9  and  10  represent 
samples  AO  2022  and  AO  2023  respectively.  In  all  cases  the  reflectances  are 
normalised  so  that  the  value  at  0.63  ua  is  1.  A  straight  line  is  drawn  between 
reflectance  values  at  0.63  ua  and  10.6  um.  For  sample  A0  1610,  the  largest 
deviation  from  linearity  is  about  402.  For  sample  A0  2022  the  fit  to  linearity 
is  never  worse  than  172,  aad  for  A0  2023,  never  worse  than  162. 

As  pointed  out  earlier,  validation  wee  done  only  at  0.(3  and  1.06  um 
since  there  was  no  measurable  cross -polarised  reflectance  for  aiqr  of  the 
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FIGURE  8.  Surface  Component  Of  Spectral  Olrectlooal  Reflectance  For  A01610 


Fiomz  9.  Surface  Component  Of  Spectral  Directional  teflactaaca  For  A02022 


FIGURE  10.  Surface  Component  Of  Spectral  Directional  Reflectance  For  A02023 


t%^mwf' 


■•■pi**  *t  3.39  or  10.6  urn.  Therefore  validation  in  this  case  la  a 
confirmation  that  tha  relationship, 

pv(xi}  "  P0(X2)  W 

Is  valid  baaad  on  coaparlson  with  measurements.  If  it  had  turned  out  that 
thara  ana  a  maasuraabla  volume  component  at  3.39  ym  the  interpolation  acheae 
described  in  Section  3  could  have  been  more  thoroughly  validated.  Also 
only  samples  A01610  and  AO 20 22  were  used  because  AO 20 23  had  no  measurable 
cross-polarised  reflectance  at  0.63  urn. 

Fixed  bistatic  bidirectional  reflectance  scans  at  both  wavslei^ths 
(Figures  11,  12,  13  and  14)  indicate  that  both  samples  follow  a  non- 
Lambert  Ian  volume  reflectance  at  0.63  ym.  At  1.06  ym  the  volume  component 
appears  to  be  quite  flat  for  both  samples  and  so  in  the  validation  it  was 
assumed  that  the  volume  component  was  Lambertian.  Therefore  in  running  the 
model  we  use  py  for  0.63  ym  and  p^  for  1.06  ym  as  discussed  in  Volume  1. 

In  Section  3. it  was  pointed  out  the  p^,  the  directional  reflectance  can 
be  extracted  from  a  combination  of  bidirectional  and  directional  reflectance 
measurements  where  the  bidirectional  measurement  was  used  to  determine 
and  eliminate  the  effect  of  the  surface  reflectance  component. 

In  running  the  RHOPRIME  program,  only  the  cross-polarised  contribution 
mi  calculated  since  as  stated  earlier,  only  the  cross -polarised  component 
has  significant  wavelength  dependence  in  the  spectral  region  between 
0.63  ym  and  3.39  ym. 

The  validation  was  performed  two  ways  for  sach  sample.  In  one  case, 
was  determined  from  the  fixed  blstatlc  data  at  1.06  ym  and  py  for  0.63  ym 
was  then  celculated  from: 

Pn(0.63) 

PV(0-W>  "^(06)  PX(1-06> 

In  the  other  case  py  was  determined  from  the  fixed  blstatlc  data  at  0.63  ym 
and  p^  for  1.06  ym  mas  then  calculated  from: 


S  6  718  1  2  3  unis 


>»  »  .63 

«j  3  «)»♦  1.7  noun  lib 

♦j  ®  180.0  ~ikO  1610— 
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BIDIRECTIONAL  REFLECTANCE  (STER.‘l) 


li-’y3LS)  33NtfL33 
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»  160.00 


71  GUM  14b 
AO  2022 

>  i— -  i  ■  t  -  i  * 


■  — 4  ■  ..4  "  4  !■■■■♦ 

0.  30.  60. 

(DEGREES) 

40 


^  =  180.00 


p^l  .06) 


Pd(1.06) 

Pd(0.63) 


Py(0.63) 


Results  were  then  compared  to  the  measured  data  for  two  different  source 
angles,  6  -  0°  and  0^  -  40°.  For  both  samples  it  was  decided  that 
behavior  was  most  nearly  non-Lambert lan  at  0.63  urn  and  most  nearly 
Lambertian  at  1.06  pm. 

Figure  15  shows  the  measured  data  for  sample  A01610  with  "parallel"  - 
polarized  source*  at  0^  ■  0  and  at  0.63  pm.  Figure  16  shows  the  calculation 
for  the  volume  component  for  0.63  pm  with  the  pv  value  extrapolated  from 
1.06  pm  data.  The  agreement  is  very  close.  Figures  17  and  18  provide  a 
similar  comparison  for  0^  »  40*.  Figures  19  -  22  again  provide  similar 
comparisons  for  sample  A0 20 22.  It  should  be  noted  that  between  0.63  pm  and 
1.06  pm  the  wavelength  correction  is  small.  As  wavelength  increases  beyond 
1.06  pm,  however,  the  cross-polarized  component  decreases  rapidly.  (At 
3.39  pm  it  is  effectively  zero.)  Therefore  the  wavelength  correction  will 
be  more  Important  as  X  Increases  beyond  1.06  pm. 


*Th«  cross-polarized  component  for  the  "parallel"-polar ized  source  is 
the  same  as  that  *or  the  "perpend  icular'1 -polar  ized  source. 
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APPENDIX  A 


BIDIRECTIONAL  REFLECTANCE  DATA  FOR  SAMPLES 
A01610,  A02022 ,  A02023  AT  0.63,  1.06,  3.39  AND  10.6  urn. 


For  convenience  in  using  this  Appendix,  Che  data  are  proceeded  by 
an  Index  which  outlines  the  organisation  and  provides  page  numbers  of 
specific  data  sets. 
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Bidirectional  Reflectance  Data  With  Fixed  Blstatic  Angle 


Saaple 

Source 

Polarisation 

4-Plane 

Page 

A02023 

i 

.63,  1.06,  3.39,  10.6 

0,  180 

57 

45 

3.39,  10.6 

0,  180 

65 

(1 

.63,  1.06,  3.39,  10.6 

0,  180 

69 

II 

10.6 

90,  270 

77 

A01610 

1 

.63,  1.06,  3.39,  10.6 

0,  180 

79 

45 

3.39 

0  V  180 

87 

II 

.63,  1.06,  3.30 

0,  180 

89 

II 

10.6 

90,  270 

95 

A02022 

1 

.63.  1.06,  3.39,  10.6 

0,  180 

97 

45 

3.39,  10.6 

0,  180 

105 

II 

.63,  1.06,  3.39,  10.6 

0,  180 

109 

II 

10.6 

90,  270 

117 

Preceding  W  Mm* 


Bidirectional  Reflectance  Date  With  Variable  Bletatlc  Angle 
Source  . 


Saaole 

oourci 

Polarisation 

!± 

4 -Plane 

Page 

A01610 

1 

0 

.63,  1.06,  3.39, 

10.6  0,  180 

119 

20 

.63,  1.06,  3.39, 

10.6  0,  180 

123 

20 

.63,  1.06,  3.39, 

10.6  90,  270 

127 

40 

.63,  1.06,  3.39, 

10.6  0,  180 

131 

40 

.63,  1.06,  3.39, 

10.6  90,  270 

135 

60 

.63,  1.06.  3.39, 

10.6  0,  180 

139 

60 

.63,  1.06,  3.39, 

10.6  90,  270 

143 

A01610 

45° 

0 

3.39,  10.6 

0,  100 

147 

20 

3.39,  10.6 

0,  100 

149 

20 

3.39,  10.6 

90,  270 

151 

40 

3.39,  10.6 

0,  180 

153 

40 

3.39 

90,  270 

155 

60 

3.30,  10.6 

0,  180 

156 

60 

3.39 

90,  270 

158 

A01610 

II 

0 

.63,  1.06,  3.39, 

10.6  0,  180 

159 

20 

.63,  1.06,  3.39, 

10.6  0,  180 

163 

20 

.63,  1.06,  3.39 

90,  270 

167 

40 

.63,  1.06,  3.39, 

10.6  0,  180 

170 

40 

.63,  1.06,  3.39 

90,  270 

174 

«0 

.63,  1.06,  3.39, 

10.6  0,  180 

177 

to 

.63,  1.06,  3.39 

90,  270 

181 
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Source 

!i 

Sample 

Polarisation 

X  (pm) 

4-Plane 

A02C22 

1 

0 

.63,  1.06,  3.39,  10.6 

0,  180 

m 

0 

.63,  1.06 

90,  270 

118 

20 

.63,  1.06,  3.39,  10.6 

0,  180 

190 

20 

.63,  1.06,  3.39,  10.6 

90,  270 

154 

40 

.63,  1.06,  3.39,  10.6 

0,  180 

158 

40 

.63,  1.06,  3.39,  10.6 

90,  270 

2C2 

60 

.63,  1.06,  3.39,  10.6 

0,  180 

206 

60 

.63,  1.06,  3.39,  10.6 

90,  270 

210 

A02022 

45° 

0 

3.39,  10.6 

0,  180 

214 

20 

3.39,  10.6 

0,  180 

216 

20 

3.39,  10.6 

90,  270 

218 

40 

3.39,  10.6 

0,  180 

220 

40 

3.39,  10.6 

90,  270 

222 

60 

3.39,  10.6 

0,  180 

224 

60 

3.39,  10.6 

90,  270 

226 

A02022 

II 

0 

.63,  1.06,  3.39,  10.6 

0,  180 

228 

0 

.63,  1.06 

90,  270 

232 

20 

.63,  1.06,  3.39,  10.6 

0,  180 

234 

20 

.63,  1.06,  3.39,  10.6 

90,  270 

238 

40 

.63,  1.06,  3.39,  10.6 

0,  180 

242 

40 

.63,  1.06,  3.39,  10.6 

90,  270 

246 

60 

.63,  1.06,  3.39,  10.6 

0,  180 

250 

60 

.63,  1.06,  3.39 

90,  270 

254 

5b 


FOKMf  m.T  WlUOW  MUM  UlOMTOMt.  ^Mtt  UNSvCMWrv  BcwETn 


SODl* 

sours* 

Polarisation 

x  <»«> 

6-Plaac 

?H1 

A02023 

1 

0 

1.06,  3.39,  10.6 

0,  180 

257 

* 

A 

1.06 

90,  270 

260 

20 

1.06,  3.30,  10.6 

0,  180 

261 

20 

.63,  1.06,  3.39,  10.6 

90,  270 

2G4 

AO 

1.06,  3.39,  10.6 

0,  180 

218 

40 

.63,  1.06,  3.39,  10.6 

90,  270 

271 

60 

1.06,  3.39.  10.6 

0,  180 

275 

60 

.63,  1.06,  3.39,  10.6 

90,  270 

278 

A02023 

45* 

0 

3.39,  10.6 

0,  180 

212 

20 

3.39,  10.6 

0,  180 

2£4 

20 

3.39,  10.6 

90,  270 

266 

40 

3.39,  10.6 

0,  180 

268 

40 

3.39,  10.6 

90,  270 

290 

60 

3.39,  10.6 

0,  180 

292 

60 
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